Rationale: A growing body of evidence supports the hypothesis that the Wnt/planar cell polarity (PCP) pathway regulates endothelial cell proliferation and angiogenesis, but the components that mediate this regulation remain elusive.
D
uring development, blood vessel formation ensures tissue growth and organ function in the entire organism. The essential role of Wnt/Frizzled signaling in the development of the vascular network was established when it was demonstrated that deletion of distinct Wnt genes caused embryonic lethality with severe phenotypes. A growing body of evidence supports the hypothesis that the Wnt/planar cell polarity (PCP) pathway regulates endothelial cell proliferation and angiogenesis, [1] [2] [3] but the components that mediate this regulation remain elusive. Embryo-specific deletion of Wnt7b/7a, which bypassed early lethality because of Wnt7b effect on placenta formation, demonstrated a role of Wnt7a/7b ligands in blood-brain barrier formation through Wnt canonical signaling. 4 These models also indicated that Fzd4 is a prominent receptor involved in vascular formation. Fzd4 has been linked to genetic diseases altering retinal vascular development in Norrie disease, familial exudative vitreoretinopathy, 5, 6 and osteoporosis-pseudoglioma. 7 In mice, Fzd4 controls retinal vascular growth and organization, 8 and blood-brain barrier formation in the cerebellum. 9 Moreover, Fzd4 is linked to sterility. 10 We have previously demonstrated that the action of sFRP1, a secreted regulator of the Wnt pathway, is mediated in part by Fzd4 in endothelial cells. 2 The sFRP1 stimulates angiogenesis in vivo and in vitro 11 via a noncanonical Wnt-dependent mechanism and activates downstream signaling factors such as GSK3␤ and Rac1. There is growing evidence of a link between noncanonical Wnt/PCP signaling and angiogenesis. 12 Studies using Dvl2 mutants deficient in PCP signaling but capable of inducing the Wnt/␤-catenin pathway have been shown to alter endothelial cell properties. 13 The formin dishevelled-associated activator of morphogenesis-1, an essential player in cytoskeletal reorganization, regulates gastrulation in Xenopus embyogenesis through noncanonical Wnt signaling 14 and has been reported to coordinate a PCP pathway in endothelial cells. 3 In the current study, we explore the link between Fzd4 through a PCP pathway and angiogenesis. By investigating the expression and function of Fzd4 in postnatal vessel formation, we demonstrate that Fzd4 reduces arterial vessel formation in
Original received June 18, 2011 ; revision received October 31, 2011; accepted November 2, 2011. In October 2011, the average time from submission to first decision for all original research papers submitted to Circulation Research was 15 days.multiple organs. Fzd4 impairs vascular cell proliferation and migration and performs this function through a noncanonical Wnt/PCP-dependent pathway altering golgi organization and tubulin acetylation. Among the Dvl members, we identified Dvl3 as a preferential target of Fzd4, because Fzd4 relocalizes and activates Dvl3 on the apical cell membrane. We report that Fzd4 expression is polarized in cells and organizes with Dvl3 to create a signaling platform favoring ␣-tubulin recruitment and reorganization. Moreover, in postischemic neoangiogenesis, fzd4 deletion impairs the angiogenic process. In control mice, after surgery, an arterial network is generated that extends directionally toward the extremity of the leg during the revascularization process, where as depletion of fzd4 induces formation of a disorganized nondirectional and nonfunctional arterial network.
Materials and Methods
An expanded Methods section describing all procedures and protocols is available in the Online Data Supplement (http://circres.ahajournals.org/).
Results

Impairment of Arterial and Arteriolar Formation in the Absence of Fzd4
To elucidate the function of Fzd4 in postnatal development, we studied its vascular expression pattern in fzd4 ϩ/LacZ mice, which allows visualization of Fzd4-expressing cells using the ␤-galactosidase reporter driven by the fzd4 promoter. Our results demonstrated differential expression in the adult vasculature with expression in the aorta, carotid artery, and other large arteries, and no expression in large veins (online Figure I ). Frequent fzd4 promoter activity was detected in the endothelial cell (EC) and smooth muscle cell (SMC) layers of small arterioles and in various vascular beds, including the heart, kidney, and skeletal muscle (online Figure I) .
Microcomputed tomography three-dimensional quantitative analysis of the cardiac and renal vasculature was performed in fzd Ϫ/Ϫ mice. Comparison between fzd4 Ϫ/Ϫ and fzd4 ϩ/ϩ adult mice revealed a striking arterial phenotype with a quantitative reduction in arterial branching and density ( Figure 1A, B) . In the heart of fzd4 ϩ/ϩ mice, large coronary arteries enclose the heart and divide to give rise to an arterial network toward the apex that penetrates and perfuses the heart wall. In fzd4 Ϫ/Ϫ mice, the large coronary arteries were present, but the arterial network was severely reduced, most notably in the apex and interventricle septum. In the kidney of fzd4 ϩ/ϩ mice, the main renal artery courses in the renal hilum, dividing into segmental arteries that branch into the lobar arteries, supplying a dense capillary network in the cortex. In contrast, the kidney of fzd4 Ϫ/Ϫ mice showed a reduction of the smaller arteries, particularly in the renal cortex while the primary arterial architecture in the renal hilum was conserved. Quantitative polymerase chain reaction analysis of heart and kidney from fzd4 Ϫ/Ϫ and fzd4 ϩ/ϩ pups demonstrated a significant decrease in the arterial marker Ephrin B2 mRNA expression in both the heart (0.37Ϯ0.24-fold) and kidney (0.35Ϯ0.20-fold) of fzd4 Ϫ/Ϫ compared to fzd4 ϩ/ϩ pups (PϽ0.05), whereas mRNA for the venous marker Eph B4 was not statistically different between these grou ps ( Figure 1C ). Western blot analysis of kidney and heart tissues also confirmed a significant decrease in expression of Ephrin B2 ( Figure 1D ). These data support the notion that Fzd4 is required for the development of arterioles and capillaries, but is not required for the formation of larger vessels.
Because the loss of fzd4 induced an impressive vascular phenotype described, we next examined the functional impact of fzd4 Ϫ/Ϫ on cardiac and renal function. No difference in diastolic or systolic heart function was observed in any group (Tau and contractile index dP/dt minimum and maximum under basal or dobutamine treatment), and we did not identify any water, acid-base, or electrolyte imbalance when mice were studied under basal conditions (online Table I ).
Loss of fzd4 Altered Vascular Cell Proliferation and Migration
To gain further insight into the cell-autonomous function of Fzd4, we isolated ECs, SMCs, and murine embryonic fibroblasts (MEFs) from wild type and fzd4 Ϫ/Ϫ mice ( Figure 2A , online Figure II ). Primary fzd4 Ϫ/Ϫ EC, SMC, and MEF proliferation, analyzed by counting cells positive for BrdUrd, was significantly reduced compared to fzd4 ϩ/ϩ EC and MEF, respectively ( Figure  2B , C, D). Consistent with these findings, fzd4 knockdown (kDa) of fzd4 ϩ/ϩ MEF and human microvascular EC reduced their proliferation as early as 2 days after culture, confirming an important impact of Fzd4 on EC and MEF proliferation (online Figure III) . We next investigated the branching capability of fzd4 Ϫ/Ϫ EC in an in vitro three-dimensional matrigel assay. Consistent with results of the proliferation assay, fzd4 Ϫ/Ϫ EC had decreased ability to form branches in matrigel assay ( Figure  2C ). Additional comparisons showed that fzd4 Ϫ/Ϫ EC had a reduced migration compared to control EC using scratch and transwell assays under serum, vascular endothelial growth factor A, or fetal growth factor 2 activation ( Figure 2F ). These data suggest that Fzd4 controls cell migration under indistinct stimuli. Similarly, wounding assays demonstrated that fzd4 Ϫ/Ϫ SMC and MEF have a significantly reduced capacity to migrate compared to, respectively, that of fzd4 ϩ/ϩ SMC and MEF ( Figure 2G , H).
Loss of fzd4 Altered Microtubule Stabilization and Cell Polarization During Migration
Because cell proliferation and migration are affected by fzd4 depletion, we analyzed the level of acetylated tubulin in MEF. Cell extracts were examined by Western blotting. The absence of fzd4 resulted in decreased ␣-tubulin acetylation without a change in the protein level of ␣-tubulin ( Figure 3A ). Because cell migration requires cell polarization, we directly measured cell polarity when stimulated by a directional stimulus by evaluating microtubule organization and by calculating the organization and volume of the Golgi in EC, SMC, and MEF migrating out of a wounded monolayer. The fzd4 ϩ/ϩ MEF display a filamentous network of ␣-tubulin oriented toward the wound healing. Suppression of Fzd4 decreased and altered the organization of the tubulin in migrating MEF ( Figure 3B ). Quantitative analysis of fixed immunostained samples showed that in migrating cells, Golgi assembled in front of the nucleus in a dense and compact structure ( Figure 3C ). We estimated the average labeling intensity of the Golgi along the line crossing the center of the nucleus with the center of the Golgi and showed that the Golgi labeling intensity was reduced in the front of the nucleus in fzd4 Ϫ/Ϫ EC, SMC, and MEF compared to control wild-type cells ( Figure 3C ). Moreover, in fzd4 Ϫ/Ϫ cells, the volume of the Golgi was increased compared to control cells, revealing that the Golgi was less organized and largest at the front of the nucleus in fzd4 Ϫ/Ϫ cells compared to control cells ( Figure 3 ).
Cooperation of Fzd4 With Dvl3 Is Required for Noncanonical Signaling Pathway
Because Dvl has been shown to play a role in cell polarity, we next investigated whether Fzd4 may shuttle Dvl away from the Wnt/␤-catenin pathway to favor a noncanonical pathway. We found that in fzd4 Ϫ/Ϫ compared to fzd4 ϩ/ϩ MEF, the basal level in the active ␤-catenin fraction (ABC, the form of ␤-catenin dephosphorylated on Ser37 and Thr41) 15 was significantly increased; under Wnt3a activation, both fzd4
and fzd4 ϩ/ϩ MEF were able to induce the active ␤ catenin fraction ( Figure 4A ). To determine if this increase in active ␤-catenin is associated with transcriptional activity, we transfected the cells with the topflash ␤-catenin construct. A significant increase in reporter activity was found in fzd4
ϩ/ϩ MEF under basal condition or under Wnt3a activation ( Figure 4B ). These data suggest that Fzd4 might repress the canonical Wnt/␤-catenin signaling pathway. To test if Fzd4 can control the Wnt canonical pathway, we analyzed the modulation by Fzd4 of the top reporter activity. In HEK293T cells, we show that expression of Fzd4 alone represses Wnt3A activation of the topflash reporter. Dvl3 overexpression induces strong top reporter activity.
Coexpression of Fzd4 and Dvl3 blocks Dvl3-dependent activation of ␤-catenin transcriptional activity ( Figure 4C ).
We next addressed the requirement of Fzd4 to induce noncanonical signaling. We have previously demonstrated that in EC, sFRP1 via Fzd4 was able to induce a noncanonical pathway via a dependent activation of downstream components of the Wnt-PCP pathway such as GSK3␤ and Rac1. 2 Because it was reported that in Wnt/PCP signaling, Dvl activates JNK via a Rac-dependant pathway, 16 we analyzed JNK signaling in fzd4 Ϫ/Ϫ and fzd4 ϩ/ϩ MEF transfected with an AP1-dependent transcriptional luciferase reporter and analyzed its activation under Wnt5A activation. We found an increase in AP1 reporter activity in fzd4 ϩ/ϩ MEF under Wnt5A stimulation after 6 hours but not in fzd4 Ϫ/Ϫ MEF ( Figure 4D ). Because Dvl proteins are central in the control of the PCP pathway, we sought to interrogate the ability of Fzd4 to interact preferentially with one of the Dvl isoforms to induce the Wnt noncanonical pathway.
We transfected HEK293T cells with the AP1 luciferase reporter and measured activity of cells transfected with Dvl1, Dvl2, and Dvl3 in the absence or presence of Fzd4 ( Figure 4E ). ϩ/ϩ and fzd4 Ϫ/Ϫ MEF were transiently cotransfected with AP1 and ␤-galactosidase reporter vectors. After culture in the presence of Wnt5a CM for 1, 3, and 6 hours, AP1 signaling pathway activity was quantified by measuring the relative firefly luciferase activity normalized to ␤-galactosidase activity. **PϽ0.01. E, Fzd4 in presence of Dvl1 or Dvl3 induces a robust AP1 activity. AP1 and ␤-galactosidase reporter plasmid transfected HEK293T cells were cotransfected with plasmid coding for either Dvl1, Dvl2, or Dvl3 tagged green (respectively, Dvl1G, Dvl2G, or Dvl3G) either with an empty vector (pcDNA3) or with a plasmid encoding Fzd4 (Fzd4-HA). AP1 signaling pathway activity was quantified by measuring the relative firefly luciferase activity normalized to ␤-galactosidase activity (arbitrary units). *PϽ0.05.
Fzd4 Preferentially Directs Relocalization and Activation of Dvl3 and, to a Lesser Extent, Dvl1
We examined, on a cell-by-cell basis, colocalization of Dvl isoforms with Fzd4. Transient expression of Dvl1, Dvl2, and Dvl3 tagged with green epitope (respectively, Dvl3G, Dvl2G, and Dvl3G) showed punctate staining throughout the cytoplasm ( Figure 5A ), which correlates with large multiprotein complexes, as previously reported. 17, 18 Fzd4 tagged with the HA epitope (Fzd4-HA) showed preferential localization at the apical side of the cytoplasmic membrane. Cotransfection with Fzd4-HA revealed a major change in the distribution of Dvl3G and Dvl1G with relocalization to the cytoplasmic membrane and an even appearance throughout the cytoplasm in 95% and 70% of the cells, respectively. We did not find relocalization of Dvl2G when cotransfected with Fzd4-HA ( Figure 5A ). Quantification of Fzd4-induced relocalization of Dvl to the cytoplasmic membrane was performed by merging images and using Imaris software confocal image analysis. Through this method, we established that Fzd4-HA was able to preferentially relocalize Dvl3G to the membrane as compared to Dvl1G (28.4% of Dvl3G vs 2.7% of Dvl1G). Together, these results imply that Fzd4 interacts preferentially with Dvl3 and, to a lesser extent, with Dvl1, but not with Dvl2 to induce the noncanonical Wnt pathway.
We confirmed the ability of Fzd4 to associate with the endogenous Dvl1 and Dvl3 isoforms from mammalian cell lysates by immunoprecipitation and immunoblotting assays. Cell extracts were prepared from HEK293T cells transfected with Fzd4-GFP fusion protein and immunoprecipitated with antibodies against GFP. Immunoprecipitation of Fzd4-GFP . NIH 3T3 cells were cotransfected with plasmids coding for either Dvl1G, Dvl2G, or Dvl3G (green) alone or in the presence of plasmid coding for Fzd4 with a tag HA (Fzd4-HA) and immunostained for Fzd4 with an anti-HA (red). On coexpression with Fzd4, Dvl1 and Dvl3 green labeling in large punctuates in the cytoplasm was decreased and associated with a plasma membrane pattern. Meanwhile, Dvl2G labeling remained in the cytoplasm in presence of Fzd4. B, Fzd4 interacts with endogenous Dvl1 and Dvl3. HEK293T were transiently transfected either with an empty vector (Ϫ) or with a plasmid coding for Fzd4 with a Tag GFP (Fzd4-GFP). Cell lysates were immunoprecipitated with anti-GFP antibody. The samples were analyzed by Western blotting with the indicated antibodies. Fzd4 induces Dvl3 activation. C, HEK293T cells were transiently cotransfected with a plasmid coding for Dvl3 tagged with a green epitope (Dvl3G) either with an empty vector (Ϫ) or with plasmids coding for Fzd4-HA or for Fzd4-CRD. Cell lysates were analyzed by Western blotting with the indicated antibodies. D, HEK293T cells were transiently transfected either with an empty vector (Ϫ) or with plasmid coding for Fzd4 (Fzd4-GFP). After cell fractionation, Western blotting was performed on membrane (Mbne) and cytosolic (Cyto) fractions with indicated antibodies. Open arrow indicates Dvl3 unphosphorylated forms (78 and 80 kDa) and black arrow shows the phoshorylated (82 kDa) shifted form. Fzd4 polarizes Dvl3 expression at the edge of the cell with ␣-tubulin. E, NIH3T3 cells were transfected with plasmids coding for Dvl3-tagged green (Dvl3G; green) alone or in the presence of a plasmid coding for Fzd4 with a tag HA (Fzd4-HA). Cells were immunostained for Fzd4 with anti-HA (purple) and for ␣-tubulin with anti-␣-tubulin (red). Note that Dvl3 alone is expressed in large punctates, whereas, in the presence of Fzd4, it is redistributed and colocalized at the plasma membrane with ␣-tubulin. F, NIH 3T3 cells were transfected either with Fzd4-GFP or with Dvl3G plasmid. Lysates were immunoprecipitated with anti-GFP antibody and then analyzed by Western blotting with the indicated antibodies.
led to coprecipitation of endogenous Dvl1 and Dvl3 ( Figure  5B ). We next examined the capacity of Fzd4 to activate Dvl3 and found that cotransfection of HEK293T with Fzd4-HA and Dvl3G led to strong phosphorylation of Dvl3G, as shown by a mobility shift of the protein on SDS-PAGE ( Figure 5C ). To confirm that the observed signaling is specific to Fzd4, cells were cotransfected with a plasmid coding for the CRD domain of Fzd4 (Fzd4 CRD). 8 Fzd4 CRD overexpression did not induce exogenous Dvl3G phosphorylation. Because we show that Fzd4 affects Dvl3 localization and interacts physically with Dvl3, we next wanted to confirm that the activation of Dvl3 was localized at the cytoplasmic membrane. HEK293T were transfected with a plasmid coding for Fzd4-GFP; then, membrane and cytoplasmic fractions were separated using ultracentrifugation steps. Western blot analysis revealed that Fzd4-GFP was exclusively detected in the membrane fraction and not in the cytosolic fraction, although endogenous Dvl3 is evenly distributed in both fractions. These results indicate that Fzd4 leads to an endogenous Dvl3 shift in Fzd4 transfected cells, but not in control membrane fractions. In the cytosolic fractions, we did not detect any modification of endogenous Dvl3 profile both in Fzd4-GFP transfected and control conditions ( Figure 5D ).
We found that Fzd4 accumulates in a polarized way at the cytoplasmic membrane on the top of the cell ( Figure 5A ). When cells were transfected with Fzd4-GFP, we found an increase in ␣-tubulin in membrane fractions, although the overall level of ␣-tubulin detected in the cytoplasm was not modified in Fzd4 transfected versus control conditions (Figure 5D ). Because Fzd4 affects tubulin organization ( Figure  3B ), we then investigated whether Fzd4-based molecular signals might drive the selective localization of Dvl3 and ␣-tubulin in polarizing migrating cells. When we overexpressed Fzd4-HA with DVL3G and then visualized it with immunofluorescence, we found that both colocalized in an oriented manner driven partially by ␣-tubulin at the cytoplasmic membrane ( Figure 5E ). Using immunoprecipitation, we found that Fzd4-GFP interacts with ␣-tubulin, and when Fzd4-GFP and Dvl3G were cotransfected, Fzd4 and Dvl3G form a complex that enhances ␣-tubulin recruitment ( Figure 5F ).
We have performed experiments to analyze whether reexpression of Fzd4 with Dvl3 in sifzd4-treated EC might restore their ability to proliferate and form tubes. We show that double expression of Fzd4 along with Dvl3 was able to significantly rescue the impact of fzd4 deletion on EC proliferation, but expression of Fzd4 or Dvl3 alone did not have this effect ( Figure 6A ). Tube formation assays revealed that sihfzd4 treatment reduced the ability of cells to form capillary networks and that Dvl3 with Fzd4 was able to rescue the fzd4 deletion phenotype, significantly increasing branch lengths and branch numbers per branch point ( Figure  6B ). It is noteworthy that Dvl3 alone is able to significantly increase capillary network formation. Collectively, these results suggest that Fzd4 and Dvl3 interact to promote the Wnt-dependent pathway in vascular cells.
Our genetic analysis together with a biochemical analysis have identified Fzd4 with Dvl3, and to a lesser extent Dvl1, as crucial partners for PCP pathway induction in vascular cells. These results confirmed that Fzd4 expression is polarized in cells and organizes a platform with Dvl3 to enhance ␣-tubulin recruitment.
Dvl3 DEP Domain Is Crucial for Fzd4-Induced Relocalization
Next, we sought to identify the domain of Dvl3 that interacts with Fzd4. It has been previously shown that Dvl-mediated activation of the Wnt/␤-catenin or the Wnt/PCP signaling pathway is dependent of the availability of specific domains DIX, PDZ, and DEP. 19, 20 Although the DIX and PDZ domains are necessary for Wnt canonical signaling, the DEP domain is essential for PCP signaling [21] [22] [23] and linked to Rac 1 activation. 20, 24 To identify the Dvl domain necessary for Fzd4 interaction, we used myc-tagged truncated Dvl constructs lacking the DIX (⌬DIX Dvl3), the PDZ (⌬PDZ Dvl3), the DEP (⌬DEP Dvl3), and a construct containing DEP domain (DEP). Distribution of the constructs was examined after transfection of HEK293T cells. Any one of the myc-tagged Dvl3 deleted constructs were detected in the cytoplasm in a punctate pattern mimicking the Dvl3-tagged myc pattern. It should be noted that the ⌬DEP Dvl3 construct also was detected in the nucleus (data not shown). The constructs were then cotransfected with a plasmid coding for HA-tagged Fzd4 in HEK293T cells. Only deletion of DEP domain impeded Dvl3 relocalization at the membrane. It is worth noting that DEP mutants strongly accumulate and colocalize with Fzd4 into the cytoplasmic membrane, confirming the major role of the DEP domain for interaction with Fzd4 (online Figure IV) . In combination, these results indicate that Fzd4 regulates the phosphorylation and polarized cellular localization of Dvl3, and that Fzd4/Dvl3 interaction functions in noncanonical Wnt signaling.
Fzd4 Deletion Induces Arterial Disorganization in Ischemia-Induced Angiogenesis
To understand the importance of Fzd4 during vascular formation, we evaluated in vivo whether Fzd4 gene disruption impairs adult angiogenesis. It is noteworthy that under nonischemic conditions, quantitative analysis of the arterial network by microcomputed tomography showed a reduction in both arterial density and branching in the hind limb of fzd4 Ϫ/Ϫ compared to control mice (Figure 7 A, C, D) . These results were confirmed with a lower capillary density in fzd4 Ϫ/Ϫ versus control mice, evaluated by immunohistochemistry (online Table I ). We then explored the capacity of fzd4 Ϫ/Ϫ mice to restore a functional arterial network after ischemia using a femoral artery ligation model. Blood flow recovery in the hind limb was reduced in fzd4 Ϫ/Ϫ compared to control mice after 2 weeks ( Figure 7B ). This was consistent with a reduction in both the arterial density and branching in fzd4 Ϫ/Ϫ mice after ischemia, evaluated by quantitative analysis of microcomputed tomography images ( Figure 7C, D) . Interestingly, three-dimensional images revealed that in fzd4 Ϫ/Ϫ mice compared to controls, neovasculature structures were severely disorganized. In control mice, angiogenesis induces the formation of vascular structures oriented directionally toward the extremity of the hind limb. In fzd4 Ϫ/Ϫ mice, we found a modification of the organization with the formation of few clusters of arterioles with a radial organization ( Figure 7A ). These data demonstrate that Fzd4 deletion impairs arterial formation and vesseloriented branching in peripheral organ. These data support the concept that Fzd4 plays a role major in vessel organization via Wnt-dependent PCP polarity pathway.
Discussion
Fzd4 is expressed in different vascular beds throughout the organism. Genetic defects of fzd4 have been linked to familial exudative vitreoretinopathy, a progressive retinal vascular disease. 5 The fzd4 deletion has been shown in mice to impair fertility, 10 to alter vessel formation in the cerebellum, 9 and to interact with Norrin to form retinal vessel network. 8 In addition, our group has previously demonstrated that Fzd4 can interact with sFRP1, a potent angiogenic factor. 2 All these data taken together indicate that Fzd4 signaling may play an important role in vascular formation. In this article, we extend and strengthen this notion by providing evidence that Fzd4 is required for formation and branching of the vascular arterial network in peripheral organs (with regard to their vascular system) through a noncanonical Wnt/PCPdependent mechanism. Cotransfection with Fzd4-HA and Dvl3-myc plasmids rescue significant sifzd4-EC proliferation compared to Fzd4 or Dvl3 plasmid transfected cells. *PϽ0.05, nϭ3. B, ECs were seeded on matrigel after transfection with siRNA and plasmid as indicated. After 6 hours, ECs were fixed, photographed, and mean length and branch number per branch point were counted. The sihfzd4 treatment reduced cell ability to form capillary network compared to siCt treatment. The sifzd4 EC transfection with Dvl3 plasmid alone (sifzd4ϩDvl3) and with Dvl3 and Fzd4 plasmids (sifzd4ϩDvl3ϩFzd4) significantly increased branch lengths and branch numbers per branch point compared to siCtl conditions. *PϽ0.05; **PϽ0.001, nϭ3.
Fzd4 Deletion Selectively Impairs Small Artery and Capillary Formation in Peripheral Organs
We have demonstrated that Fzd4 is expressed throughout the vasculature, and in EC and SMC of arteries, small arterioles, and capillaries, but not in large veins, and that fzd4 depletion results in a drastic reduction in the number of small-caliber arteries and in their branching. This defective vessel development is restricted to the arterial system consistent with the observation of reduced arterial, but not venous, marker expressions. Collectively, these data suggest the importance of properly regulating Fzd4 activity during arterial development because Fzd4 controls induction and branching of small arterioles and capillary beds at the distal end of tissue. Despite these marked arterial defects and a reduction in body size, other aspects of heart and kidney vascular development, such as formation and branching of large arteries, are not affected.
The formation of new vessels requires both vascular cell proliferation and migration to enable sprout growth and the formation of a branched network. We have demonstrated that reducing expression of Fzd4 mitigated EC and SMC proliferation, migration, and EC tube formation. In a wound model, the Golgi is oriented in front of the nucleus 25 around the centrosome, the organizing center for cytoplasmic microtubules. 26 In this model, we showed that fzd4 deletion impairs both tubulin and Golgi reorganization and capillary-like network formation ex vivo, which support a critical role of Fzd4 in vessel branching. Thus, we hypothesize that Fzd4 can control vascular formation by a noncanonical-dependent mechanism in peripheral organs. 
How Is the Wnt/Frizzled Signaling Pathway Involved in the Vascular System?
In vitro studies have demonstrated a functional role of the canonical ␤-catenin-dependent pathway in EC. 27 It has been proposed that during development, the Wnt/␤-catenin pathway was only functional during angiogenesis in the central nervous system but not in peripheral tissue as in heart and kidney 28 ; after birth, the activation of the Lef/Tcf Wnt reporter system is only restricted to a few vascular beds in the central nervous system. 29 Analysis of ␤-catenin conditional depletion demonstrated a major role of ␤-catenin in bloodbrain barrier maturation. 30 Consistent with these findings, in responder top gal transgenic mice, we could not detect any ␤-gal-positive EC, outside of the central nervous system, in heart and kidney at postnatal day 5 or in adults (data non shown). Additionally, we have demonstrated that sFRP1 was also able to activate a noncanonical Rac1-dependant signaling pathway in EC. 2 Recent studies demonstrated a role of PCP in endothelial cells through Daam1-forming family members. Daam1 has been shown to be involved in polarity of embryonic development in Xenopus and Drosophila acting downstream of frizzled receptors via an interaction with Dvl. 23 In EC, activated Daam1 would control proliferation and migration, 3 affecting both cell polarity and cell movement, 31 regulating the microtubule network. 32 Our data corroborate the role of PCP in EC and disclose the role of Fzd4 in vascular cells in Wnt/PCP signaling pathway, because we showed that Fzd4 regulates microtubule network. Using in vitro assays, we report that Fzd4 was able to repress the Wnt canonical pathway and activate the noncanonical pathway. These results demonstrate that Fzd4 is localized in a polarized manner on the top of the cell membrane, and it is able to recruit and preferentially activate DVl3. Three isoforms of Dvl proteins have been identified and share high-sequence homology. Genetic approaches have previously shown that Dvl has been involved in PCP signaling during gastrulation and that it has a functionally redundant role during development. 33, 34 Interestingly, Dvl3 mutants exhibited craniorachischisis, which is often associated with PCP signaling disruption. Our data further demonstrate that Fzd4 is one of the major receptors of the Wnt/PCP pathway in angiogenesis and facilitates cell polarization through tubulin network reorganization.
Fzd4 and Pathogenesis
Our results suggest that absence of Fzd4 leads to impaired vascular cell polarization. To test the impact of Fzd4 deletion on angiogenesis, we used a mouse model of vessel formation after hind limb ischemia. These data revealed that the absence of Fzd4 impairs adult neoangiogenesis and results in the formation of a disorganized network. Given the fact that the noncanonical Wnt cascade is involved in the growth and guidance of neurons, 35 it may be speculated that the directional growth of the peripheral vascular network is a feature of PCP signaling involving Fzd4 receptors.
This study extends our understanding of the role of Fzd4 in adult peripheral organs and during postischemic angiogenesis, and implicates Fzd4 as an important regulator in the directional development and branching morphogenesis of small-caliber arteries and arterioles through a Wnt/PCP pathway in vascular cells.
Novelty and Significance
What Is Known?
• The frizzled/planar cell polarity (PCP) pathway is a highly conserved signaling cascade that coordinates cell behavior at the tissue level in a two-dimensional plane. Frizzled receptor has been shown to participate in planar cell polarity.
• Frizzled 4 is a prominent receptor involved in retinal vascular growth and organization, although its role in angiogenesis remains unknown.
What New Information Does This Article Contribute?
• Global deletion of frizzled 4 receptor in mice alters arteriolar network in heart, kidney, and hindlimb.
• The absence of frizzled 4 impairs vascular properties and dysregulates vascular cell polarization through a noncanonical planar cell polarity pathway in cell assays.
• Frizzled 4 deletion impairs angiogenesis after hindlimb ischemia Frizzled/planar cell polarity (PCP) pathway is involved in cell polarization during tissue remodeling and cell motility. Although it was first recognized in the epithelium, it is also observed in other cells, as well. During angiogenesis, coordination of vascular cell growth and migration is preponderant, and as core PCP components as frizzled4 (Fzd4) receptors are expressed in vascular cells, we investigated the role of Fzd4 in arterial network formation and organization. We show that deletion of fzd4 impairs arterial and arteriolar formation in several organs as heart, kidney, and skeletal muscle. At the cell level, fzd4 deletion impaired vascular cell proliferation, migration, and polarization. Fzd4 interacts preferentially with Dvl3 to shuttle Dvl away from the Wnt/beta catenin canonical pathway to favor a noncanonical planar cell polarity-dependent pathway. After hindlimb ischemia, fzd4 deletion impaired arterial neo-formation and led to severe neo-vessel disorganization. Our findings reveal a crucial role of Fzd4 in global arterial formation and angiogenesis through the noncanonical PCP pathway. Our results show for the first time that frizzled signaling pathway plays a fundamental role in vascular remodeling. These findings could facilitate the development of new PCP pathway targets through frizzled 4 for the treatment of ischemic disease.
